Introduction
Coherent Raman microscopy has proved to be a valuable contrast for fast label-free chemically resolved analysis of biological samples. 1, 2 Coherent anti-Stokes Raman scattering (CARS) 3, 4 and stimulated Raman scattering (SRS) 2, 5-7 are now two common nonlinear contrasts for probing vibrational resonances. CARS and SRS are two third-order nonlinear processes whereby two so-called pump and Stokes frequency-shifted waves interact into the sample. In SRS, the molecular vibrations specific to the sample induce loss and gain over the pump and Stokes beams, respectively. In CARS, these vibrations enhance the blueshifted so-called anti-Stokes signal. While the CARS signal detection is made easier due to this frequency-shift, its molecular specificity is affected by the presence of a nonresonant electronic background that interferes coherently with the resonant vibrational signal. Time-resolved 8 and optical heterodyne 9 detection schemes, as well as spectral phase control, 10, 11 frequencymodulation, 12 or vibrational phase contrast 13 have proved as valuable background-free techniques, nonetheless at the price of increased experimental complexity. On the other hand, polarization sensitive 14 and Epi-CARS 15 detection schemes suppress efficiently this nonresonant background at the price of far reduced detected signal. The interplay between the resonant and coherent nature of CARS makes the signal formation a complex process. 16 Recent works have been devoted to the study of CARS signal generation near interfaces and to the development of techniques sensitive to "chemical" edges. [17] [18] [19] [20] In a previous work, we demonstrated background-free CARS spectroscopy of a sample when it makes an interface with a nonresonant medium perpendicular to the optical axis (transverse interface). 21 For this task, one has to acquire two CARS spectra, the former at the original interface, the latter after permutation of the two media. This technique has mainly been limited by its poor signal-tonoise ratio (SNR) due to the successive acquisition of spectra and restricted to symmetrical samples. 22 In this letter, we give at first a simple explanation of the underlying physics at work in term of two-wave interferences. This simple view is supported by full three-dimensional computation. We then extend the capability of this technique to CARS microscopy without the need of permuting the two media. Instead we use a mirror to reflect the excitation CARS beams (that have already crossed the sample) to focus them back on the sample itself. With this simple scheme, we demonstrate experimentally highlighting of transverse chemical interfaces and background-free Raman spectroscopy of test samples with an improved SNR as compared to our previous work. 21 
From CARS to Raman Spectrum
The situation that will be studied through the paper is shown in Fig. 1(a) as a reminder. Two resonant and nonresonant medium are separated by a transverse interface. Their third-order nonlinear susceptibilities are given by
2NR , respectively. In a first configuration (α-problem), the resonant medium (medium 1) lies in the upper half-space (z > 0) and the nonresonant medium lies in the lower one (z < 0). In a second configuration the relative positions of medium 1 and 2 are flipped (β-problem). In both configurations, the pump and Stokes beams are focused on the interface. As a result, the CARS active volume overlap both with medium 1 and 2. by medium 1 and 2. Due to the vibrational resonance induced in medium 1, the anti-Stokes field generated by this medium is out of phase with the excitation 23 by a phase shift of φ. The situation is in fact analogous to the two-wave interference problem depicted in Fig. 1(b) whereby an observer detects the interference pattern generated by two coherent sources separated by a distance d. The value of d has little importance on the physical effect highlighted here excepted it has to be nonzero (the two sources are not superimposed since they are located in medium 1 and 2, respectively). In the first case (α-problem), the intensity I α detected by the observer equals
where E 1 and E 2 are the fields (with wavelength λ) generated by sources 1 and 2, respectively, and φ is the phase shift of source 1 with respect to source 2. The additional phase shift term 2πd/λ accounts for geometrical effects. In the second case (β-problem), where the roles of sources 1 and 2 have been permuted, the detected intensity I β writes
Only the phase shift φ introduces a difference in the interference terms in Eqs. (1) and (2). To go further, we proceed to the intensity difference between the Fwd-CARS signals generated at the interfaces for the α and β problems. In the simple twowave interference model, the intensity difference I = I α − I β writes
If one notes that |E 1 | sin (φ) = Im [E 1 ], it can be readily seen that the intensity difference is proportional to the imaginary part of the field emitted by source 1 (the resonant medium). It can be shown 22 that this simple property can be directly transposed to the anti-Stokes signal difference I as = I Fwd
According to our previous study, this expression shows that the anti-Stokes signal difference is proportional to the pure Raman spectrum of the resonant medium. 21 Similar conclusions have been drawn in the case of an axial "chemical" interface. 20 
Numerical Simulations
We illustrate this basic property of two-wave interferences in the case of the CARS imaging using a three-dimensional fullvectorial model of the CARS emission. 16, 22 In the following numerical examples, the pump and Stokes lasers are focused into the sample through a 1.2 numerical aperture (NA) objective lens and the sample, consisting of a resonant and a nonresonant medium, is raster-scanned. The resonant medium is excited around a unique vibrational resonance with a Lorentzian lineshape
where a denotes the oscillator strength of the resonance, ω p − ω s − R the detuning to the vibrational resonance, and the half width at half maximum of the vibrational resonance. We assume that the nonresonant part χ (3) 1NR of χ (3) 1 has the same amplitude as its resonant part χ (3) 1R (χ (3) 1NR = −a/ ). Finally, the nonresonant medium is assumed to be strongly nonresonant (χ (3) 2NR = 2χ (3) 1NR ). Although quite unusual, this assumption is made to stress the robustness of the method to a strong nonresonant environment.
First, in Fig. 2 we consider a resonant bead surrounded by a nonresonant medium. In this example, the Fwd-CARS signal is collected with a 0.5 NA objective lens. The bead locally makes transverse interfaces with the surrounding nonresonant medium on positions marked as "α" and "β." On resonance [ Fig. 2(a) ], the Fwd-CARS signals generated at the lower (α mark) and upper (β mark) interfaces are asymmetric. This asymmetry is better viewed in Fig. 2 (c), (upper curve). The profile of the bead is deformed due to interference effects between the resonant bead (whose nonlinear susceptibility χ (3) 1 carries a phase shift φ as compared to the surrounding nonresonant medium's χ (3) 2 ), and the surrounding nonresonant medium. On the other hand, the Fwd-CARS image of the bead taken off resonance [ Fig. 2(b) ] is symmetric. The Fwd-CARS signals generated at the lower (α mark) and upper (β mark) interfaces are identical as the phase shift vanishes (φ = 0). The profile of the bead is now symmetric, as shown in Fig. 2 (c), (blue curve). The bead z-profile asymmetry observed at resonance is the key effect that makes the α and β interface CARS responses different.
As a second example, we reconsider the initial problem of a transverse interface that separates a resonant and a nonresonant medium. The particular configuration depicted in Fig. 3(a) , whereby the β-problem is reached from the α-problem by switching the direction of propagation of the pump and Stokes beams without flipping the sample, is compatible with microscopy applications. In Fig. 3(b) , where we have reported data from Ref. 21 , are shown the spectral evolution of the Fwd-CARS signals for the αand β-problems, together with their difference, as a function of the normalized Raman resonance detuning ζ = ω p − ω s − R / . As previously reported in Ref. 21 , the difference recovers the imaginary part of the nonlinear susceptibility χ (3) 1 of the resonant medium (being its Raman spectrum). In addition, in Fig. 3(c interface, thus emphasizing the applicability of this technique to microscopy.
Experiments
In order to apply this property in CARS microscopy, and thus to be able to highlight transverse chemical interfaces, one has to switch between the αand β-problems. A first solution consists in imaging the interface once, then flipping the sample before acquiring a second image. In practice, this solution is incompatible with most samples and is handicapped by a low SNR due to two successive image acquisitions. 21 A more elegant solution consists in switching the excitation beams, as already mentioned in Sec. 3. As depicted in Fig. 4(b) , this is achiveable in a symmetric configuration where the excitation beams are focused first under a collinear geometry on the interface (α-problem), before being reflected by a mirror to be re-focused a second time on the interface in the opposite direction (β-problem). Such a scheme leaves the sample fixed and insures the simultaneous acquisition of the I Fwd α and I Fwd β signals, a feature that greatly enhances the SNR. A schematic of our CARS microscopy setup is depicted in Fig. 4(a) . Briefly, two picosecond (3 ps) pump (λ p = 726 nm) and Stokes (λ s ranging between 804 and 813 nm) beams, provided by two pulsed picked (3.8 MHz) synchronized Ti:sapphire oscillators, overlap in a collinear geometry. Two similar objective lenses (then referred as "objective 1" and "objective 2") are disposed before and after the sample of interest, respectively. In the α-problem, objective 1 focuses the pump and Stokes beams on the sample and objective 2 collects the Fwd-CARS signal generated into the sample and collimates the transmitted pump and Stokes beams. An interference mirror (R = 96% on the 700 to 800 nm range) reflects the pump and Stokes beams, and transmits the anti-Stokes signal that is detected by an avalanche photodiode (APD) working in photon counting regime. In the β-problem, the roles of objectives 1 and 2 are swapped. Objective 2 focuses the reflected pump and Stokes beams on the same focal point in the sample, and objective 1 collects the Fwd-CARS signal generated in the sample, that is then detected by a second APD. We found that the time overlap between the pump and Stokes beams are not changed between the first focusing by objective 1 and the second one by objective 2 after reflection by the interference mirror.
Results
As a proof-of-principle experiment, we have studied a sample consisting of N,N-dimethylformamide (DMF) sandwiched between two microscope cover slips [ Fig. 4(b) ]. The frequency difference between the pump and Stokes lasers was tuned over the 1350 to 1480 cm − 1 region. In this spectral range, DMF exhibits a vibrational band while the microscope cover slips are purely nonresonant [ Fig. 5(a) ]. The interface between the lower microscope cover slip and the DMF was scanned in the z-direction on the 1350 to 1480 cm − 1 region, and the α and β anti-Stokes signals were acquired simultaneously [Figs. 5(b)-5(d)]. We have calibrated the response of the two APDs by acquiring the CARS signals in bulk DMF. When the pump and Stokes beams are focused on the interface, we have checked in the case of the α-problem that the backward emitted CARS sig-nal is 2 orders of magnitude lower than the Fwd-CARS signal. It thus insures that the signals detected by both APDs are the Fwd-CARS signals generated in the αand β-problems. When the frequency difference is tuned before the DMF vibrational resonance, the detected α and β CARS signals smoothly change across the interface between the highly emissive DMF (left part) and the glass (right part). However, for each z-position both signals are identical and the signal difference fluctuates around zero so that the interface is not highlighted [ Fig. 5(b) ]. The situation is different on DMF resonance (1355 cm − 1 ). The detected α and β CARS signals are identical only far away from the interface. In the vicinity of the interface, they split and their difference is nonzero, thus highlighting the interface [ Fig. 5(c) ]. The halfwidth at half-maximum of the signal difference is around 6 μm, a value compatible with the axial extension of an excitation volume generated after focusing through a 0.6 NA objective lens. After the DMF resonance (1355 cm − 1 ), the CARS signals generated in the DMF and the glass are the same and the signal difference is zero all along the z-scan. The drift of the interface during the experiment is due to mechanical instabilities in the setup.
For each Raman shift, the α and β CARS signals, together with the CARS signal difference, have been integrated over 3 μm around the interface. This operation allows us to reconstruct the spectra plotted in Fig. 5(a) . As expected, the α and β spectra are similar far away from the DMF resonance but exhibit a difference on resonance. The CARS signal difference spectrum (filled circles) can be superimposed on the pure Raman spectrum of DMF (dashed lines) perfectly. For comparison, the 
CARS spectra of the DMF (open circles) and
the glass (open squares) obtained in the bulk have been plotted. They allow to appreciate the ability of our technique to recover pure Raman spectra with a good SNR. The DMF Raman spectrum found here almost perfectly matches the Raman spectrum, a situation that was far to be reached in Ref. 21 where the α and β signals were recorded sequentially at two distinct interfaces. To appreciate the SNR improvement introduced by this beam reversal scheme, we plot in Fig. 6 the recovered Raman spectra obtained here and with the sequential spectral acquisition scheme introduced in our previous work. 21 
Conclusion
The beam reversal technique we have presented in this work allows to highlight transverse chemical interfaces and to perform background-free Raman spectroscopy of transparent and nonscattering media with a conventional narrow band CARS microscope. Compared to the first realization of this concept, 21 the simultaneous acquisition of the two signals makes this differential approach far less noisy and compatible with microscopy applications. The very origin of the method has been simply interpreted in terms of two-wave interferences between the resonant and the nonresonant media, and the full electromagnetic calculation at the bead interface illustrated in Fig. 2 gives a clear view of the effect. The presented scheme has the ability to generate a background-free CARS signal with the surprising ability of performing an heterodyne detection (with the nonresonant medium) through a simple intensity subtraction. In particular, when implemented in multiplex CARS 24 the method has a strong potential for fast chemical analysis in microfluidic devices. 25 When combined with our recently published method to detect background free axial interface, 20 the present technique shows potential to image biological samples featuring both axial and transverse interfaces. 26 The present technique and the one reported in Ref. 20 use interference between the resonant sample and the nonresonant surrounding medium when the active CARS spot is located right at the interface. As demonstrated for axial interfaces, such techniques are viable for interfaces with small refractive index mismatch as the ones encountered in cell imaging.
